MICROCRYSTALLINE CELLULOSE 

The oldest polymer finds new industrial uses 
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From the doy that the term "hydrocellulose" was first 
coined In 1875 until the present, treatment of cellulose 
with acids has been considered the wrong direction to go. 
By going in this direction (and making a fortunate detour) 
we have been rewarded with a view of an entirely new 
area of cellulose chemistry. 

Uses of cellulose have always depended upon — and 
been largely limited by—its fibrous nature. In this new 
area, cellulose is a colloid, with all of the implied possibilities. 
Industrial uses are promising for: 

—Flour. Nonfibrous, free flowing, absorbent, with 
extremely high surface area 

' —Compacted pellets. Hard, heat resistant, absorbent, 
inert 

— Structural materials. Hard, Insulating materials, resist- 
ant even to an oxyocetylene torch 

—Gels and creams. Smooth, opaque, stable, fat-like but 
noncaloric 

—Cellulose derivatives. Produced with greater ease 
and economy, and in new colloidal form 

Production of the flour form is the basic step In manufacture 
of these types of microcrystolline cellulose. Severe acid 
hydrolysis removes the hinges of amorphous cellulose which 
link the naturally occurring microcrystols, yielding cellulose 
at the so-colled "level-off degree of polymerization" or 
"DJ\ cellulose." The microcrystols ore freed from their 
fibrous, packed structure by mechanical shearing, performed 
in a woter slurry. This is the novel step which determines 
the unique character of this cellulose. Drying then produces 
o flour of colloidal size. 

The flour can be redispersed with woter to form thick gels 
or thinner creams. It can be compacted into tablets or to 
large structural sheers. An entirely different, denser struc- 
tural sheet results when a thick gel is dried. 
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MICROCRYSTALS OF CELLULOSE ARE 
BUILDING-BLOCKS 

D.P. microcrystalline cellulose is capable of forming 
architectural patterns entirely different from any 
previously known structure. 

In natural cellulose the microcrystals are packed 
tightly in the fiber direction in a compact structure re- 
sembling bundles of wooden matchsticks placed side-by- 
side (A, above). Unhinging the interconnecting chains 
by acid treatment does not destroy this structure (fl). 
However, the unhinged crystals arc now free to be 
dispersed by mechanical disintegration. Figure C 
catches the microcrystals in the moment of peeling 
off the fiber. Properties of the dispersion which forms 
depend on how effectively they are dislodged. 



An entirely new fine structure pattern appears after 
spray-drying (/?). The microcrystals are rehydrogen 
bonded together, and a spongy, porous, random fine 
structure pardy replaces the highly ordered pattern. 
Method of drying, initial degree of disintegration, and 
drying process variables all play a part in developing 
the inner structure of microcrystalline cellulose flour. 
At present, only about 20% of the unhinged micro- 
crystals are peeled off the fiber fragments (electron 
micrographs at 25,000 X magnification.) 
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THESE GELS WERE D.SCOVERED WHEN AN 
EXPERIMENT FAILED 

Blender would sliver off very smaU fragrn^* 
agglomerated microcrystal, in «he D.P .celWos^ N 
ejected that these microcrystallme fragments wouio 
setde out of the water. 
When 57. cellulose was placed *"^JgZ 

r^ 5 I S t^ rXti^ 
rrreXn" minutes, the stable coUoidaUupenjO" 
shown wa, obtained. The gel was opaque, snow-white, 
and had smooth, fatlike spreading P^P""^ uei 
We immediately set out to explore this new avenue 
by developing uses for colloidal dispersions erf _micro 
crystalline celluloses, known commercially as Av«el (4,7). 



Pulutriud fibrous alpha cMalast 



Carboxvmeihylcellulosi gum at 2% 
solids 



DISPERSIONS OF MICROCRYSTALL1NE 
CELLULOSE ARE UNIQUE 

Pulverized fibrous cellulose, Which has not _ been 
unhinged with acid, docs not P^V^X " 
sion Nor do cellulosic gums resemble the new micro 

i.«riv to uartide size-chemical composition plays a 
Sa" 5? The microcrystalline aggregate. ran* 
C2«£J from 150 to 300 A. up to about 5 « 
and are rodlike or lamellar in shape. U rf * e ** 
uTosic gums, the uldn^te-unit never approaches molec 
„lar dimensions (even when dduted). 

Colloidal microcrystaUine dispersions share this size 
JTwS bentonSe clays and -""J— , *j 
persions-and exhibit many sum ar projeroes. UJ « 
especially interesting that butter is a stable d«peraon 
n^aler of fat globule, of about the »me dimensions, 
^properties o 5 f butter, such * -P"^*^ 
are related to size and size distribution of the fat g oouies. 
sle microcrystaUine cellulose gels have similarly s.zed 
particles and similar functional properties. 

Fats and oils in many systems can now be replaced 
without significant change in appearance, consistency, 
flow properties, or spreadability. 
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ctural Model Was Developed to Explain What Happened in the Blender 



lose molecules form mkrocrystals, held together by hydrogen bonding. The individual microcrystals are linked by 
luut or disordered areas; one molecule will go through several crystalline areas. Length of the microcrystals and of 



C **iinM ** f*i f b constant for any particular material, depending on its history. 
1 Iviously been shown as chains of linked crystals. 

^tV pf°P° se **** f Med structure > with mtcro ' 
^tffffs packed side-by-side like matchsticks, joined 

amorphous hinges. Fiber direction is shown by 
ike arrows 



The characteristic microfibrils have 





Initially, acid attacks cellulose rapidly. 
Mild hydrolysis breaks some of the 
hinges, and recrystaltized areas ap 7 
pear. Severe acid hydrolysis breaks 
all of the molecular hinges and re- 
duces the fiber to isolated crystallites 

Reaction rale levels off at this stage. 
The microcrystals are fairly equal in 
size, expressed by the "level -off degree 
of polymerization*' or "D.P.". 
Though unhinged, the microcrystals 
retain their orientation in the fiber 




One further step is required to produce colloidal 
cellulose. Mechanical agitation in a water slurry 
frees a fraction of the unltinged crystals. With 
present meUiods about 20% can be released. 
Since all of the microcrystals are unliinged, the 
fraction can be increased by improvement in mechan- 
ical techniques only 
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Properties of microcrystalline cellulose can be controlled to fit end use 



The unique properties of mtcrocrystolllne cellulose slam 
from its unique particle size ond particle size distribution 
(see table). It is well known that reduction of almost any 
substance to a norrow colloidal size range can result in 
drastic chonges In functional properties. It is important to 
note thot by using the appropriate mechanical disentegra- 
Hon procedure, particle size and size distribution can be 
controlled. Functional, properties con therefore be con- 
trolled over a wide spectrum. 

Because the process for molting 0. P. microcrystalline 
cellulose breab the molecular hinges, it results in homogen- 
izatlon of chain length Uee figure). Avicel with the borrow 
molecular weight distribution shown was mode from the 
alpha cellulose sample. . (Molecular weight is 163 times 
the D. P.) 

To avoid confusion, these definitions should be kept in mind: 
C -evel-off D. P. (or D. PJ cellulose Is the product resulting 
from, or equivalent to, the hydrolysis of purified cellulose . 
after 15 minutes in 2.5N HCI at 105 ± 1° C. D. P. varies 
from about 375 for bleached ramie or hemp to 15 to 25 for 
extra high strength rayon tire cords. It Is a convenient 
..parameter for characterizing' the average length of .crystal- 
line areas In cellulose.' 

Microcrystalline cellulose is b mechanically disintegrated 
5Tp. cellulose. If con be prepared from all forms of natural 
... celluloses, alkali celluloses, regenerated celluloses, and 
even low D. S. cellulose derivatives. Raw moterial for 
Avicel microcrystalline cellulose Is a special grade , of high 
alpha purified wood cellulose. 




900 1200 
D.P. 



Motive Size Range of MwocrystaUihe Cellulose Particles 



Pnduet 

Natural and synthetic 
gums, starches, and 
water soluble 
derivatives 

Mechanically dis-. 
integrated micro- 
crystalline cellulose 

Pulverized fibrous 
celluloses 

Microcrystalline cellu- 
lose flour 



Appearand 

Transparent or trans- 
lucent aqueous dis- 
persions 

Stable opaque 

aqueous dispersions 



Rmgiof 

Diatiuttrt 

5-25 A. 



150-50,000 A. 

(5 a) 



Retains fibrous form ; 40-500 p, or 
two phases in water higher 

Fine white powder Few thousand 
A. to over 
10p ' 



r 



1875 

1925 
and 1928 

1937 



1941 



1943 



Previous studies of treatment of cellulose with acids 
have had few practical or applied objectives. Most 
of the work has used add degradation, with moisture 
regain, and electron microscopy to determine the 
original molecular architecture (or fine structure) of 
the fibrous state. 



Some milestones are: 

Cirard coined the term, hydroceUulosc (73) 

Herxog, and Meyer and Mark postulated the crys- 
talline nature of cellulose (75, 23) 

Staudingcr and Sorkin described the dual reaction 
rates of add attack (39) 

Nickcrson and coworkers spearheaded the use of 
acid-ferric chloride to study structure (3&-3Z) * 

Davidson demonstrated that molecular weight of 
cellulose drops rapidly . upon initial hydrolysis, 
then approaches a plateau ( 7 1) 

Many others studied reaction rate phenomena and 
the ratio of crystalline to amorphous regions [3,5,6, 
9,70,12,76-2002-24, 20-29, 33,35^38). 



Midforties 



1947 



1950 

and 1956 



1962 



This 
article 



Pacsu and coworkers hypothesised a "limit hydro- 
cellulose" which represented a rock-bottom state, 
resistant to add degradation (24) 

BattJsta and Coppick showed that the so-called 
limit hydrocellulose was a reflection of crystalline to 
amorphous ratio, fixed by past history of the cellulose 

TO 

Battista and coworkers advanced the term, level-off 
. degree of polymerization, and proposed a spedfic 
definition (above) (34) 

Average molecular wdght and average length of 
microcrystals have been correlated (3, 23, 28) 

Crystalline nature of cdlulose has been substantiated 
by dectron microscopy and x-ray diffraction 
analyses (3,76,27^5,36) 

D. A. Zaukcliei proposed a new schematic modd for 
the crystalline-amorphous concept in nylons 
(Ctom. N*ws t p. 48, 49 (April 16, 1962> 

Proposes a similar folded arratigeaienrof- cellulose- 
molecules hinging the crystalline areas and 
amorphous regions together (page 23). Presented 
before the Division of Cellulose, Wood, and Fiber 
Qiexnistry, 141st Meeting, ACS, Washington, D.G. 
March, 1962 
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NONFIBROUS FLOUR 
CAN BE A CATALYST 
CARRIER OR A "FOOD' 



Microcrystalline cellulose flour is a very pure form 
0 f cellulose, relatively free from both organic and in- 
organic contaminants. Its' x-ray diffraction diagram 
shows very sharp lines, indicating an unusually high 
degree of cr>^tallinity. 

Density of an individual particle of the flour ap- 
ojoaches the absolute density for a single cellulose crys- 
tal. Values from 1.539 to 1.545 were determined 
using a density gradient procedure. 

Freeze drying produces a very light powder. Com- 
mercial production is by spray drying. Methods such 
as drum drying or oven drying can be and have been 
used. The spray-dried product, however, is an unusually 
fine flour with desirable physical properties. 

One of the results of the spongy structure formed on 
drying is that microcrystalline cellulose will absorb oils 
and fats. Again, method of drying is important; it can 
cause a threefold difference in oil saturation value. 
Commercial product has intermediate absorption char- 
acteristics. Examples of its capacity are given opposite. 

Foods are not the only application of this property. 
Catalysts and reactive chemicals can be applied, car- 
ried on a colloidal solid. Water-soluble dyes can be 
transported into oils and fatlikc material without 
blooming. It can be an inert and edible substrate for 
vitamins, antibiotics, and essential oils. 



Bulk Density of the Flour Depends on Method of Drying 

Lb./Ca. Ft. 

Freeze dried \'\ 
2-Fropanol-wa3hcd^ 1 J • J 

Methanol-washed - * J!'X, ft ft 

Spray-dried (commercial production) 16.0-ZD.u 



t Cellulose Flour >^ 
' 30,000^50,000; . 

' < 0.03 , > 
' < 0.05 . 
«0 
<50 
<10 



$M6wture;..% * gQr^&ta^*' 
fc$ti*mc Solvent extractables, 

| l paleium l .p.p.m. 7^; 
~ bridci, p.p.«. 



Peanut butter with microcrystalline cellulose flour 

can be sprinkled from a shaker. A convenience in the home, 
this may lead to economies in the food factories of tomorrow.. 

The' flour will convert many materials to free-flowing form 
when used in the amounts below. 

Commercial 

Muro- 
crystalline 
CetMose, 
% 



Ingredunt 

Peanut butter 
Swiss cheese 
Cheddar cheese 
Blue cheese 
Plastic coconut 
Molasses 
rtoney 



Commercial 

Micro- 
ayitalliru 
Ctltubu, 
% 
23.0 
13.8 
20.0 
36.0 
20.6 
44.0 
44.0 



Ingredient 

Maple syrup 
Butter 
Lemon oil 
Orange oil 
Corn oil 

Hydrogenatcd fat 
Milk chocolate 
(melted) 



44.0 
44.8 
SO.O 
50.0 
39.0 
39.0 
32.4 




• ./i:^^' ,:> * , ^-f;- I .; 
*fi .% . *•' '*""** '** ' ■■ »• V" .. *' 



(Continued on next page) 



Water . • \ ■ 

S^DuutealkaU vV .. 
^Dilute add '^£,£5* -v 
l&Orgsnie solvent \\ 
i&OOs : 



• Insoluble; dUpernble 
Partially soluble; swells 
Insoluble; resistant 
Insoluble ; inert t ' .... ... . » 

Insoluble; inert 1 
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COMPRESSED FLOUR — 
FOR TABLETS OR FLAME. 
RESISTANT BOARD 



r 



A structural material so compact that it cannot be 
penetrated by an ordinary nail results when the flour 
is compressed at room temperature and 15,000 p.s.i. 
It has a surprising degree of resistance to an oxyacetylene 
torch (see table, below). 

Extremely strong tablets can be formed of this material 
in normal tableting equipment. Catalysts, essential 
oils, or pharmaceuticals could still be absorbed on the 
tremendous internal surface of these tablets. 

Compressed tablets break up immediately in liquid 
water, as the hydrogen bonding is destroyed. Freedom 
from amorphous cellulose makes them relatively in- 
sensitive to water vapor. The tablets would therefore 
retain their properties in a humid atmosphere, but 
instantly release their active .components on contacting 
water. Water resistance can be built in by formulating 
with a protective resin such as an urea formaldehyde. 

Electrical properties of the compressed powder 
structures are very similar to those of vulcanized fiber. 
With protective resin treatment, these properties can 
be maintained at high relative humidities. 



Moisture Pickup Is Lower Than That of Any Other Form of 
Cellulose 



R.H. t % 
(77 9 F) 

15 
45 
58 
81 



H t O % % 
{After 48 Hr.) 

2.5 
5.7 
6.0 
6.2 



Compressed Flour Form of Microerystalline D.P. Cellulose 
( Without resin treatment) 

Density, Ib./cu. ft. 86-98 

Specific gravity 1 . 26-1 . 34 

Thermal conductivity, B.t.u./in. sq. ft. 0 F. hr. 1 .75 

Specific heat, B.tu./lb. 0 F. 0.4 

Power factor, % (58% R.H., 72° F.) 2.88 

Power factor of vulcanized fiber (electrical grade), % 6.0 

Dielectric constant (58% R.H., 72° F.) 5.6 

Impact strength, fc-lb./in. of notch ^ 1 



r. 




STRUCTURAL CELLULOSE- 
FOR HEAT SHIELDS OR 
"MARBLE" SLABS 



An ivory-like materi al is produced by drying an 
aqueous colloidal gel of D.P. microerystalline cellulose. 
Structural forms from these dried gels are generally 
superior in physical properties to the compressed flour 
forms. They are more resistant to moisture, although 
they will swell when in prolonged contact with liquid 
water (for several days). They are harder, stronger, and 
denser. An important difference is much better impact 
strength. 

The electrical properties of the dried gel are almost 
identical with the pressed structure and with electrical 
grade vulcanized fiber. Method of manufacture of the 
new material involves only room temperature drying. 
Desired shapes can be molded during production. For 



CelluloselStructures 'Haffe Much Greater Heat Aesislarici Than] 
Asbestos Materials y**-. V*v' ^ 

* * . ■ • * J.. '*'• . .* { 

■ ' . . Heat Con* " : ' : * 

. Bulk ductanee, Specific"-: 

Dainty, B.tM./Sq. Heat,- * Twit under Orf 

Lb J Ft. B.ImJ • acetylene Torch, 

Product Cu.Fl. ■ F. Hr. Lb.° F . . Sec* 

Compressed flour* 86 1.80 0.4 15 (not through) 
'/fin. disk 

Transite, V, in. 112 4.50 7 (through; melts) ; 

Marinite, */i 75-80 7 (through; melts) 

Dried gel struc- >*n93 . 70 (enter depth, 

block* . . 

«/, ity^tecl 5 (Through; melts) 

jfWC £ * Orifd/wm 13% mkrxrplaUim idhrfuv gtt. . 
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lcciricaJ use, a material similar in electrical properties 
vulcanized fiber, with some superior physical prop- 
£ (icSi C an be manufactured and fabricated much more 

Ca The dried gels will withstand an oxyacetylene torch 
three to four times longer than the compressed flour. 
The erosion process is most interesting— abladon involves 
only surface carbonization with an attendant slow 
erosion. 

Heat conductivity is less than that of the compressed 
flour structure. 

The interior of this block {a dried gel structure) is completely 
unchanged by heat. It was subjected to an oxyacetylene torch 
for 30 seconds, then sawed in half. The sample could be 
handled almost immediately after the fame was removed, 
showing the very low thermal conductivity of the material 




DERIVATIVES OF 
CELLULOSE CAN BE 
COLLOIDAL TOO 



Reaction of the microcrystalline cellulose proceeds 
with particular case and speed. Derivatives can be 
formed which are also colloidal. These are entirely 
new materials with very different properties and poten- 
tial applications. 

At high degrees of substitution (D.S.) denvanves 
of microcrystalline cellulose are substantially the same 
material as produced from conventional cellulose. At 
low D.S. where the colloidal nature is maintained with 
surface substitution, the derivatives from colloidal dis- 
persions. Dispersions of at least 20% solids in water 
can be produced. These may have the appearance of 
greases, ointments, or lotions, depending on the materials 

present. . . 

An example of a new type of derivative, microcrystal- 
line carboxymethylcellulose at low D.S. is shown. In 
dispersion at about 20% solids, this is a partly opaque 
nongreasy spreadable ointment with a constancy which 
suggests use as a suntan lotion. It does not remotely 
resemble the stiff conventional gel of CMC shown on 
page 22. The photomicrograph shows the reasons 
for this difference. 

Other derivatives can be prepared Methyl-, ethyl-, 
and hydroxypropylcelluloses with unusual propernes 
have been studied. Nitrated D.P. cellulose derivative 
has particularly important potential applications in 
solid rocket propeUants; it can be readily made into a 
particulate form with particles in the I -to 3-micron 
range. Properties of all of these materials can be con- 




A low D.S. earboxsmethyl derivative of microcrystalline cellulose. . 
Instead of a solution of molecular dimensions, the freed mwraoyjtott 
remain substantially unchanged in size. Microfibrils of unhinged but 
unfreed microcrystals also are left intact 

trolled over a wide range by varying degree of sub- 
stitution, the heterogeneity of this substitution, and the 
nature of the topoc hemi cally substituted group. 

Microcrystalline D.P. celluloses in flour form exhibit 
an unusual affinity for hydrophobic reactants, including 
catalysts, which is believed to be related to the sub- 
microscopic porosity of the particles. Distribution of 
such active chemicals over such large surface areas of 
cellulose proffers new advantages in preparing cellulose 
derivatives. 

{Continued on next page) 
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Redispersion of the colloidal flour in water gives 
white, opaque gels or creams with functional properties 
which suggest many applications in a variety of in- 
dustries. Some of these are': 

-KJels are .thixotropic and are stable over a period of 
years except at extreme dilution. A moldable gel is 
formed at about 20% solids. Dilution to 10% solids 
produces a pourable cream. 

—The colloidal particles have an electronegative charge. 
—Colloidal dispersions can be used to form extremely 
adherent films and coatings on glass (7). It is possible 
that such a coating on glass fiber would provide a 
cellulosic surface, adapting the fiber to normal textile 
weaving equipment. 

—A similar extremely thin adherent film can be de- 
posited on aluminum. Electrical capacitors could be 
built up, using films a few microcrystals thick. 
— Gels and dispersions possess unusual compatibility with 
emulsions of oils and fats, as well as with sugar. 
— A 15% dispersion of microcrystalline cellulose may 
be sterilized in a closed container for at least one hour 
at 240° F. without any breakdown of the stability of the 
gel. A viscosity increase is usually observed. 
—The addition of emulsified fats or oils as well as the 
addition of significant amounts of sugar to a 15% 
colloidal dispersion of microcrystalline cellulose permits 
these mixtures to be deep-frozen or thawed repeatedly 
without significant breakdown of the gel structure and 
attendant synercsis. Without the presence of other 
components, quick freezing leads to a breakdown of the 
suspensions upon thawing. 

—At high dilutions, they do not disperse to particles 
of molecular dimensions; the smallest dispersed particles 
are the unit microcrystals which consist of tightly 
packed bundles of several hundred cellulose molecules. 

Viscosity of Dispersions. The solids concentration, 
at the time of the mechanical disintegration step, is a 
• major variable in the development of the viscosity and 
the thixotropic properties of gels as wel l as stable colloidal 
dispersions with microcrystalline D.P. celluloses. 

The optimum solids content to produce maximum 
dispersion will vary with each type of equipment used 
for the mechanical disintegration step. For example, 
40 to 50% solids for a roll mill, 34 to 36% solids for a 
Hobart mixer with solid paddle, 10 to 1 5% for a Waring 
Blendor or an Osterizer, and 10 to 20% for piston-type 
homogenizers. 

As shown in the graph, viscosity of a gel depends on 
attrition equipment, past history of the cellulose, and 
concentration during attrition. 



Effect of PH on Viscosity of 5% Colloidal Dispersion 



pH* 

7 
8 
9 

10 
11 

Bj od£ H UHiQH, OstwaU oist—Ur. 

~240r 



3 2D0 
9 

~ 160 



As. Apparent 
Viscosity* 

8.8 

93.4 
118.2 
148.8 

61.1 



O 
2 
10 120 

Si 

8" 

40 




30 32 34 3* 38 40 
M1CROCRYSTAUINE CEUUIOSE 
DURING ATTRITION, % 

The attrition step must be performed in a rather critical concentration 
range* The dry flour was mixed with water under the conditions shown, 
and viscosities were measured after dilution to 15%. A, commercial 
spray-dried, Hobart, 20 nun.; B, never dried, Hobart, 20 min.; C, 
lab. spray-dried, Hobart, 20 min.; D t commercial spray-dried, Mix- 
master, 10 min. 




0 10 20 30 40 50 40 
ATTRITION TIME, MIN. 

Attrition develops particles of colloidal sizi 




8»- 



0.01 0.02 003 0.04 
G. CATION/400 G. AVICEl GEL 

Effect of salts on viscosity 
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Effect of Disintegration Time. Mechanical dis- 
integration with time develops varying amounts of true 
colloidal size particle aggregates that are less than 
1 micron in diameter. These are the parades freed 
from the fiber. These particles remain in permanent 
suspension. It b the extent to which they are developed 
which controls the stability and many of the functional 
properties of the resulting colloidal suspensions or gels. 

Microcrystaliine cellulose dispersions or gels retain 
their colloidal stability as long as the mechanical dis- 
integration produce! a sufficient amount of the hydrated 
submicron particles to support a continuous gel network . 
Such physical properties of the gels as viscosity, stiff- 
ness, and stability are related to the particle size dis- 
tribution of the gel. At the same solids content, gels 
prepared by means of a Waring Blendor, for example, 
have properties that arc different from gels prepared by 
a laboratory Hobart mixer at higher solids content with 
subsequent dilution. Microscopic examination of such 
gels reveals major differences in the size and distribu- 
tion of the visible particles. 

Effect of pH. Data on one of the original colloidal 
dispersions (prepared using a Waring Blendor) show that 
the apparent. viscosity of a 5% colloidal dispersion of 



IXP. cellulose reaches a maximum at pH of about 9 to 10. 

Effect of Salts. As might be expected, salts have 
varying influences on the apparent viscosity of colloidal 
dispersions from D.P. celluloses. Interestingly enough, 
if salts are present in the aqueous mixture at the time of 
the mechanical disintegration, the subsequent viscosity 
development is decreased. On the other hand, addition 
of salts, once the stable colloidal gel is produced, usually 
increases the apparent viscosity. . 

Producing the GeL Dilution of stable colloidal 
dispersions of microcrystaliine cellulose at high solids 
concentrations should be carried out gradually to reduce 
localized over-dilution and a tendency for the agglomera- 
tion of relatively large particles. When mechanical 
disintegration of microcrystaliine cellulose at high solids 
contents is extended for a long time, or when localized , 
over-dilution occurs, reagglomeration of some of the 
particles may, take place in the form of spherical masses. 
Such.reagglomerates, because they behave similar to a 
swollen mass of gel, are difficult to redisperse. They 
are receptive to breakdown by commercial homogeniza- 
tion equipment, however. We refer to them as rosettes 
because of their tendency to form rose-shaped particles. 



MICROCRYSTALUNE CELLULOSE CAN BE 
USED SAFELY IN FOODS AND COSMETICS 

X-ray diffraction patterns of 5T. celluloses establish 
microcrystaliine cellulose as the purest form of cellulose 
now available. Microcrystaliine cellulose is generally 
recognized as safe by experts. A long history of cel- 
lulose as a vital ingredient in a host of natural foods is 
well recognized, and has been clinically substantiated 
over many years. Celery, cabbage, cereals, and many 
other plant and vegetable foods have varying amounts 
of cellulose in them. It is therefore not an additive 
and, as such, is not subject to the clearance provisions 
of the Food Additives Amendment of 1 958. 

Research investigations with Avicel in animals and 
humans were planned at an early stage in the initial 
development. Several phases of these programs have 
been completed and others are still in progress. As 
part of this research program a human clinical investiga- 
tion has been completed (74). No adverse effects 
were found. Both microcrystaliine and natural plant 
cellulose pass through the human body without evidence 
of breakdown. 
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denoted by a significant ingre&te in loss in weight due to decom- 
position. 

To obviate the difficulties in determining the critical tempera- 
tures from curves which do not show a sharp inflection, an equa- 
tion fe suggested which more closely defines the separate effects 
of rate and extent of decomposition, temperature, duration of 
test, and resin content of the material ' . 

' unification of the materials studied in accordance with thou- 
critical thermal instability temperatures and with the per cent 
'teein losses at this temperature has bees tentatively made 
pending further study and evaluation in r 
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Hydrolysis and Crystaltizatiori 

of Cellulose 



• • 1 
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' \ comprehensive study has been made of tha. effect of 
^* ^n >p on the weight loss and degree of polymerisation of 
ten representative samples of cellulose using both mild 
($.0 N. nydxochloHc add at 5% 18% and 40° C.) and drastic 
C2.S iiand 5.0 iY hydrochloric add at boil) conditions of 
hydrolysis. The earn plea were purified cotton, bleached 
cotton linters, cotton Haters pulp, wood pulp, 'textile 
rayon, tire yarn, Fordsan, Fiber G, and two experimental 
rayons. The per cent crystal! inity as measured by add 
hydrolysis (baaed on weight of residue) arid the Ieveling-ofT 
degree of polymerization are shown to be dependent on 
whether mild, drastic, or. mild plus drastic conditionfl of 

ONLY in relatively recent yaars has the heterogeneous 
hydrolysis of regenerated celluloses received much atten- 
tion A, great deal of the early work, such as that by Briseoud 
(6), Birtwell, Caibbene, and Geake (S), and Vomer and Mease 
(*5), was concerned primarily with the action of acids on cottons, 
with the object of determining variations in the physical proper- 
ties of the cotton fibers upon acid degradation. 

The use of acid hydrolysis as a chemical method for character- 
'ring the molecular chain architecture of cellulose fibers was plc- 
\*ered through a series of .pane* by Nickareon {16-lB) and later 
byNickerson and Habrle l&>-2*\ The Nickerson approach was 
to subject a sample of cellulose to a boiling solution of 2.45 If 
hydrochloric acid and 0.6 M ferric chloride. 
* Under this drastic hydrolydng .treatment, cellulose chains be- 
i ' come split rapidly at tha available 1,4 glyeosidic bonds, pro- 
ducing short-chain cellulose and ultimately glucose. In the 
presence of ferric chloride, the glucose formed is caUlytically 
' oxidised to carbon dioidde and water. By following the rata of 
1 • carbon dioxide evolution with time of hydrolysis, It was believed 
' ! that the "accessibility" of ths original fine structure could be 
characterised. . - 

Two rather distinct reaction rates were observed, and they 
were explained on the basis of a two-phase fine structure— one 
part amorphous and readily attacked by the acid, the other 
crystalline and only very slowly attacked by the add, It was 
proposed at the time that the amorphous material present in the 
original sample was gradually reduced to acid-soluble end 
products, leaving behind the acid-resistant crystalline com- 
ponent as a residue- A quantitative evaluation of the amount of 
crystalline and amorphous cellulose was attempted on this 
basis. Paralleling the original Niokeracn papers, Davidson (7) 



hydrolysis arc employed. The use of 2.5 N hyolrochlocie 
add at 105" C. for 15 mtatftea in recommended aa optimum 
condition* for measuring weight loaa or relative crystalling 
ties and laveling-off degrees of polymerization in conjunc- 
tion with apparatus described. On the baeie of weight 
loss and degree of polymerization data, mechanisms ere 
proposed to account for the cryBtaUUarinn of cellulose 
chains simultaneously with chain splitting under condi- 
tions of mild and .drastic hydrolysis, respectively. The 
effect 0 f crystallization on hydrolyais was found to be mora 
pronounced for regenerated celluloses than fox native 
celluloses. • 

in 1043 published details of an extensive study covering the pro- 
longed action of adds on cotton cellulose, Many of hia results 
and conclusions we»a the same aa those of NicJrareon. He found 
a sharp drop in moisture regain on hydrolysis, even when a wy 
small loss in weight occurred. The drop In moisture regain was 
explained on the basis of the rernoval of amorphous or water- 
seceitive material. ttovidson reported leveling-off degrees of 
polymerization for cotton and meiceriied cotton, the value for 
cotton being higher than for mereeriiod cotton. He claimed no 
significant difference between the x-ray diagram of powdery 
hyoVocelluloses and the original cotton, no matter how he pre-' 
pared them." A study of the heterogeneous decomposfoon of 
ceDulose by adds was conducted at about the same time by pan- 
hutand^chwartaW ' ' *" « ' 

• Conrad and Serous (*) proposed important inmrovcmente 
for the Nickeraon carbon dioxide-evolution technique. Lovaii 
and Coldfichmid U4) chose to estimate the glucose formed en 
drastic hydrolysis by measuring the actual loss in weight of the 
sample instead of the rate of carbon dioxide evolution. Phifipp, 
Nelson, and Ziine dropped the use of the ferric chloride oxi- 
dation catalyst of the Nickeraon reagent, and proposed using o N 
hydrochloric- add at the boU for hydrorydng native celWose 
structures and 4 N hydrochloric add at the bo3 for hydrolystog 
regenerated structures. Phflipp ti <w\ ineasured the weight 
of the hydrocellulose residues reraaining after hydrolysis, 
big for humio substances which were formed under the conditions 

employed. , . * 

More recently, Nelson and Conrad {IS) suggested improve- 
ments in the original Philipp el of. procedure, whereby a more 
satisfactory correction for hnrnic substance formation is posaiWe. 
The use of much milder conditions of hydrolysis (6 N hydro- 
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chloric add at 15° C-) for the chemical 
characterisation of cellulose fine struc- 
ture was proposed^yjfottisja iand Cop- 
pic k Qg), who demonstrated that on 
prolgagedmild add hydrolysis the basic 
degree of polymerisation of most native 
structures tended to level off at much 
higher values (223 to 275) than was 
the case for regenerated structures (40 
to 80); mercerized cellulose structures 
tended to level off in a basic degree of 
polymerisation range somewhere be- 
tween (75 to 125). 

NIckereon and Eabrie (88) investi- 
gated less severe conditions of hydrolysis 
(3,5 N sulfuric acid at'*tne boil) than 
were used with' the original Niokereon 
reagent (boiling N. hydrochloric 
acid-0.6 M Eez& ehforide solution) to 
follow more "^urately the rapid ini- 
tial phase of the hydrolysis process. 
They also pointed out differences in 
the so-called 'Trotting D. P." values for 
native, mercerised/ and regenerated 
structures, respectively, and suggested 
that the lereKng-off. degree of poly- 
merisation on drastic, hydrolysis might 
correspond to the overage crystallite 
length. Rosevtare^Waller, and Wilson 
. m) suggested tha^ the limiting degree 
of polymerisation' on hydrolysis of regenerated cellulose might 
correspond to the average length of a chain passing through one 
crystalline and one disordered region. 

On the basis of x-ray data, Ingersol! £) proposed that .rela- 
tively mQd hydrolysis might cause the crystallization of cellu- 
lose qhft in* simultaneously with Chain Splitting. Howamon (11) 
published moisture regain, weight loss* and x-ray data, showing 
that the drop in moisture regain and the sharpening of the x-ray 
diagram could not be explained by the very small loss in weight, . 
due presumably to the removal of amorphous cellulose. In his 
paper, Howamon compared physical and chemical methods for 
characterising cellulose fine structure and proposed that hydro- 
Jytic methods give high values for the crystallinity of cellulose 
because additional crystallization of the chains occurs on hy- 
drolysis. 

Brenner, Frilette, and Mark (4) came to a similar couoJusioD 
» on the basis of specific volume and density measurements made on 
hydrolyted cellulose. More recently, using improved x-ray 
techniques to follow changes in crystallinity on hydrolysis, 
Hermans and Weidinger (10) obtained data to confirm further 
the belief that with regenerated cellulose, at least, orystallixatton 
of the cellulose occurs simultaneously with chain splitting on acid 
hydrolysis. 

In this investigation, the effects of such variables as time, 
temperature, and acid concentration on the hydrolysis of the 
fine structures of both native and regenerated celluloses have 
been studied. Comprehensive data on weight loss and degree 
of polymerisation have been obtained for a wide variety of cellu- 
loses which were subjected systematically to hydrolyses under 
mild and drastic bydrolyving conditions. 

Combined data on weight loss and degree of polymeriaatioo 
demonstrate that the mechanism of the crystallisation which 
accompanies hydrolysis is controlled by two interdependent 
processes— -hydrolysis and crystallization. It is suggested on tho 
basts of tho data that conditions of mild hydrolysis, during which 
1,4 glycoddic bonds are split at a relatively elow rato, favor the 
formation of longer, loss acid-fteluble crystallised material. 
. Drastic conditions of hydrolysis, on the other hand, promote 
the formation of very short, more acid-soluble crystalline material. 




Figure 1. Appnra tua for Measuring Per Cent Crystalline Rapid uo 

Standard dru»Uc conditio**, IS mill liters in 2.50 JY hydrochloric add mt ICS" C. 

SAMPLES STUDIED 

Ten samples of purified celluloses, representative of both native 
and regenerated cellulose fine structures, were selected for this 
study: 
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EXPERIMENTAL PROCEDURES 

MEAstmEDixrrr Of JDbobee op PoiAHsaisATioN, The method 
used for measuring viscosities iu caprammonium solvent was 
essentially that described by the author (X \ 

Viscosities werd determined on solutions having a concentra- 
tion of 0.50% cellulose*. The viscosities were converted to basic 
degrees of polymerization where the basic D.P. = 2160 [log Ur + 
1) _ oi67] for celluloses having a degee of polymerisation 
greater than 800 (tX In the case of 0.3% solutions of cellulose 
having a basic degree of polymerization less than 300, it has been 
shown (/) that e„/e is equivalent to [vl where fa J is the value Of 
the intrinsic viscosity at infinite dilution. For hydrocellulases 
having a degree of polymerisation less than 300, therefore, the 
Ivraemor (15) constant applies and D. P. « 260 X W>, where c 
equals concentration, grams per 100 ml. of solution, and is 0.5% or 

Milo DWttAOATiOM ProCSouas. Tho ten samples were 
hydrclyxed in 5 N hydrochloric acid at 3°. and 40 a O., re- 
spectively, for varying length? of time. 

All samples wore subjected to a standard nondegradativo ex- 
traction and scouring procedure to free them of waxes and fin- 
ishes. With the exception of the two rayon-grade pulps, wluan 
were fluffed in a Waring Blendor to loosen the fibers j>nor to hy- 
drolysis, the fibers were cut to approximately 0.35-mch lengths 
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Tabix. I. Average Basic Degree ot Poitwebilvtion in 5 N Htdbochlorzc Acid 
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with sharp atiasora to secure uniform eamplBe. AU samples were 
conditioned at 58% relative humidity and 74 6 F. 
Two (2.000) gram portions (area-dry) were weighed out and 
xtferred to sample bottles, and 200-ml. aliquots of 5,0 

Sv^bydrochlorio acid, taken from stock bottles maintained at the 
respective temperatures, were added to each cample. The sam- 
ples were dispersed uniformly in the large excess of acid, and the 
Dottles were stoppered and stored for varying 'times in accord- 
ance with a prearranged schedule. At the end of each specified 

- hydrofyzing period, the samples ware transferred immediately to 
fntted-dasa filters and washed acid-free with distilled water, 5% 
ammonium hydroxide, and more distilled water. The residues 
were then dried in a vacuum oven (SO inches of mercury) for 6 
hours at 105° <X, prior to conditioning them to equilibrium at 
58% relative humidity, and measuring their basic degrees of 
polymerisation. Where weight losses were measured, the residues 
were weighed out in the Oven-dry state, Repeated tests have 
Shown that the foregoing drying conditions do not degrade the 
bydrooallulose residues beyond the experimental accuracy of the 
degree of- polymerisation measurement. It is important, how- 
ever, to make absolutely certain that the hydroceUuloeee are 
acid-free before drying, and dilute ammonium hydroxide washings 
will ensure this, 

Dbastxc Degradation Pbochdvbh. The apparatus used for 
hydrolyxing the samples in bailing hydrochloric acid is illustrated 
in Figure 1. 
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(100 cc. per minute) was admitted 
through one opening of the three-necked 
Bask for the purpose of keeping the tem- 

Cture of the acid uniform, eliminating 
ping t and excluding oxygen from the 
hydrolyaing medium. The temperature 
of the boiling 2.60 iV hydrochloric acid 
wa9keptatl05» * 0.60*C 

Two (2.000) gram portions (oven-dry 
baste) of a sample of known rnmstore 
content were weighed out sad added to 
300 ml of 5,0 iVor 2.50 N hydrochloric 
acid solution (as indicated), previously 
brought to the boU. Samples were 
soaked with 15-mL aliquota of the re- 
spective hydrochloric acid solution to 
facilitate weir transfer. 

The sample of cellulose was left' in 
the boiling hydrochloric acid for precisely 
the times specified. The,appamtus was 
dismantled at the end of the hydrolysis 
treatment, and the- contents of the flask 
were transferred to a tared iritted-fdass 
filter of 1> porosity. . The time required 
to dismanue the apparatus and transfer 
the hydrooallulose residue to the filter 
was never longer than 60 seconds. 

The sample was then washed repeat* 
edly with distilled water, dilute am- 
monium hydroxide (5%), and more dis-. 
tilled water until acid-free, after which it 
' was dried in a vacuum oven to constant 
weight at 105° "C." All residues of sam- 
ples hydrolvzed up to SO minutes in 2.50 
JV hydrochloric aqid were snow-white in 
appearance after washing and drying as 
above, .- ^ ' 

RESULTS 

Changes m basic degree of polymeri- 
sation with time of hydrolysia by 6.0 N 
hydroehlorio acid at 5 # , 18°, and 40' C-, • 
and at the ho3» respe c tiv ely, are tabulated 
in Table I and plotted for representative 
samples (cotton Enters pulp and viscose 
tire yam) in Figures 2 and 3. As these 
data show, the basic degree of poly- ' 
mentation tends to leva] off at a higher 
value the lower the temperature of hy- 
drolysis. 

It was found that the hydrolysis of cellulose by £.0 N hydro- 
chloric acid at the boil for periods of time longer than IS minutes 
gave rise to the formation of humie substances. For the purpose 
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The hydrochloric add solution was heated by means of a 
das-Col mantis connected in series with a- powers tat. An 
ammeter was used to regulate a constant and reproducible supply 
of heat to the mantle. A steady stream of dry nitrogen gas 
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TIM5, HOURS 

Hydrolysis of Native 
[inters Pulp) 



CeHuloe* (Cotton 



5.0 N hydrochloric Mid with Incmtlai temporatnrB 



2010$ 4A15B 17<560 ASAMURA 81-3-32461239 



NO. 7615 P. 20 ~U'Q~ 




INDUSTRIAL AND ENGINEERING CHEMISTRY 



505 



TIME, HOURS 

figure 3. Hydrolysis of Regenerated Cellulose 
(Viscose Tire Yam) 



5.0 Shr&t+cbio*\t teW with Inanwiu* wipciutUM 

of weight loss studies, therefore, hydroly»mg conditions under 
which the formation of humic degradation products is pre- 
. rented or maintained at a negligible minimum were selected. 
Boffin* 2.60 N hydrochloric acid for 15 minutes was found to 
meet .these requirementB. The criterion on -which the fore- 
going assumption was based waft the visual absence of any in* 
soluble, darkrcolored matter which is characteristic of the pres- 
ence of very email traces of humic substances, even when hy~ 
dTolyang times up to 30 minutes were used. 

Quantitative data showing the loss in weight with time of 
hydrolysis in boifing £50 N hydrochloric acid for a native cellu- 
lose (purified cotton) and a regenerated cellulose (viscose tire 
yarn), respectively, are given in Table H and plotted in Figure 4, 
One might expect that the stops* of the straightrhne portions of 
the curves of weight loss versus time would be related in some 
way with the accessible surface area of the* ciyBtaUme hydro- 
cellulose aggregates, once the Jeveling-pff degree of polymerisa- 
tion fa reached. Indeed, each sample gives a slope diaractenaUc 
of it, end work is in progress with a view to estimating the 
surface areas of crystalline hj-droeeUulose particles by tin* 



Table H. Quantitative Weight Lose. Data with Tim* o» 
Htoboltbib 

C2.50 HBO it boil) 
Puriflsd Cgitga Tire Y»m 



Hydrolywi 
Time, Mia. 

Control 



01.48 
91.03 



B<U.C 

D. P. 
}200 

IS 

241 
733 
730 



residue 



78.5 
73.1 
70.0 
01.fi 
53. 1 



'Bind 

D.F, 

470 

S3 
49 



where t — time hydrolysis in minutes, M — initial molecular 
weight, Mt = molecular weight after time i» and m - final 
molecular weight* 

However, when M and Ml are large with respect to m, the 
above equation simplifies to : 

t . m \ M -M\ \ 1 \ DP 9 -DP< } 
7 l S X Mt\ " 7 }DP,XDP t ) 

where DP» = original degree of polymerisation, and DP, a 
degree of polymerisation after time I. „ . , 

By calculating relative . hydrolysis time constants. K,, with 
the -above simplified equation, for samples having similar original 
and leveliug-ofi degrees of polymerisatioa at two different 
temperaturesj relative energies of activation, may be cal- 
culated by adapting the classical Arrhenjus equation as follows: 



>9 



151 e; 



5 \¥ t Tj 



where K,. sad K n are tha calculated relative ^drolywa-tims 
constants at the absolute temperatures T\ and T u respectively, 
audi? - 1.096 cal. per degree per mole. 

No absolute significance may be attached to values of JC or 
E, calculated io the foregoing manner, and such data are not 
presented here for this reason. Nevertheless, such calculations 
provide an empirical approach whereby the relative accessibilities 
of different cellulose fine structures may be evaluated. ■' 




CALCULATION OF RELATIVE RATE CONSTANTS 

Using the degree of polyrnerization-time data shown in Table 
I (expressed as l/[s] w. t) relative hydrolysis rate constants 
may be calculated by adapting the equation of Bkenstam CP)- 
The Ekenstam equation, meant to apply to the homogeneous 
hydrol ysie of 1,4 glycoside bonds, is as follows: 



5 10 15 

TIMJE. MJNUTCS 

Figure*. Comparleon Of XCesWnal Weight* Observed 
In 8,50 N hydr»fthTn¥io ■rfdlKg* C 

Letujno-Ot* Degree o* PoLwmnATiOK. Changes in 
degree of rxjrymerisation with time of hydrolysis in boiling 2.50 
N hydrochloric acid for a native oeUulose (purified cotton) and a 
regenerated oeUulose (viscose tire yarn), respectively* are given 
in Table H and plotted in Figure a. 

In this connection, the author prefers to use the term aevenng- 
oB degree ol polymerixation" in lieu of 1 Wting degree ofpo)ym*ri- 
sation" to refer to the relatively constant degree of r*rtyn*nia- 
tioa reached after very prolonged mild conditions of hydrolysis 
or very short periods of drastic hydrolysis. B^^**^ 
lysed^dently it 'should be reduced to a true "Inrdbng DJV' 
of L 

Psh Carr Cbwiaujuot st Hydboltsis. It fe of particular 
interest to note from Hgurefl 4 and 6 (1) how qwcklythe baao 
degree of polymerisation reaches what appears to be a I airly 
constat value, (2) that this leveling off value » much higher 
for a native structure than for a regenerated structure, and CSJ 
that a native structure loan weight with time of hydrel^u at a 
mM h dower rate tbnn a regenerated atmctae. On the bsxw i ol 
these data, a time of W minutes in 2.50 * £ydrocblone acid at tha 
boil was arbitrarily adopted aa being tha optimum point at wmeb 
to measure both weight loss on hydrolyiia-U-, per cent crya- 
tolline reridue by hydrolysis— and the lereiiajroff degree of 

"iw^rkw 'and basic degree of polymerisation data for a4J 
ten samples, after standard hydrolysis for 15 minutes » 2-o0 N 
at the boil, are compiled in Table EL Whereas native struc- 
tures show relatively small difference* in residues at the end of 
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Table in. Standard Weight Loss Data 
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Table IV. Mild atfD Drastic Hydrolysis or Wood Puw 
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the hydrolyeU, H is important to note i*» wide r»n^ o* v^u» 
obtained to the *ria» M=P^ P<«^ J^f^ 1 ^? 
E^trucWree. The d*Uto Table III iDustnite further the high 
S^TrSodudbffiV (-0.50%) priU. in meaomng the 
p"f£rt eryLffine hydrocelluk** residue by hydiolyw, uang 

^cXSS^E^ Experimental evidence 
in ^SKrfS e^lUat^hydxol^ 
S,Sby comparing the Win UAd«n^hydro^ng 
S. J w» *H- in wrig under draetio condition.. 

*Son dntato arayon grade *oodpn>P '^ch™ »ubjeet^d 
£ W»3d hydros (5 H hydroehtorfc acid at »• OX g> 
**b tydrolysb (W Jf hydroohJorie aad 105' C.X end (8) 

WSfflMS'Sif hydro^date 

ffi far to tire yarn after mild hyd^ far datively 
£SrfbV«C timo- The aught weight are not be- 

Si^ant, as they » of ^ 

SSo^^y^mada in view ^tto^j 
Jl water is added to the cellulose molecules each bme.a 1,4 

^Se^ff^t of a mild ptohyd^ treatment (10 
h.^ fa MLBJf hydrochloric acid at 18° O.) for ton different 
SL ylS ^ S^^m markedly too per cent oryo- 

• that nSd hydrolysis of cellulose induees cry9tall.aat.0n with 



Utile or no loss in weight. This is evidenced by the fact that, in 
mil cases, the samples lost substantially less weight on being 
subjected to a standard drastic hydrolysis treatment after they 
had been subjected to a preliminary mild hydrolysis, than they 
did upon being given the standard drastic treatment directly. 
This effect is shown, however, to be far more pwrnounoed in the 
case of regenerated ccUuloae than of native cellulose. 

MaCHAJOSMS FOR BETSB.OCEMSDVS ACID BYD&OLYS13 OF 
CBLLVUlOSKVWfe jftttOCTUBBS 

A schematic illustration of proposed mechanisms for the hy- 
drolytic degradation of cellulose fine structure under both mild 
and drastic conditions of hydrolyfito is presented mRgureo; 

This pioture of the acid degradation of cellulose fine structure 
ie capable of explaining all the data on degree of polymerixa- 
tion and weight Josswhioh have been iw^t^ in this paper. , 

Wbeu hydrorysifl conditions are relatively mild, the mecha- 
niaro illustrated in ?art A of Figure 6 is believed to apply. 
Under these conditions, only a small number of 1,4 glycoside 
bonds of the accessible cellulose chains are split per unit time.- 
This makes crystal growth possible, and longer segments of colln- 
kee chains m the amorphous phase of the fine structure can 
"crystallise" before' further chain splitting takes place, giving 
rise to a progressively less accessible fine structure, 

However, when hydroryaa conditions are drastic, the mecha- 
nism illustrated in Part B of Rgure 6 is more EkeJy. 
these conditions, splitting of 1,4 grycoridic bonds proceeds so 
rapidly that substantially only vary short segments of c^ose 
cbams ore available for "crystaffisation-" In other words, ^a- 
tiverv small, more hyoWWorie acid-soluble areas are farmed by 
dtBstic hytalysK, Becausa the eombaity of *** *** 
tftJKne areas, formed stouxtoneously with drastio nyo^ryro, 
should be appreciably greater than the solubility of longer 'crye- 
telUne M components resulting from a dow splitbng ol W 
cosidic b^rnds, one would expect a larger kaam weight with boumg 
. hydrochloric acid, as was found. ' . 

I^rthennOi^ifaimestni«^ 
accordance with the* mecliamem illustrated m Part A of Kgure 
6 vere subsequently subjected to c^c hyc^W cond^ 
that would favor the mechnnism proposed m W B ofFJure ^ 
we would expect the average Wing off base degree of Jpojr 
iS^e weight loss of ^ ^ting hyj«^ 
residue to be lower than if tha mec^ 
ylbyUd, abd that of Fart B applied directly. Drastic 
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hydrolysis alons (Part B) should remove very shortrehain frag- 
nenfe which wwld otherwise act to lower the averse basic 
degree of polymerU&tian of the residue, wnereas in the case of 
mild hyxJrtljtos followed by drastic hydrolysis crystaffiied ehort- 
chain material would be retained in" the residue, tending to lower 
ita average basic degree, of polymerization. In other words, 
the distribution of crystalline particle sises, io the residue of a 
pre* sample after mild hydrolysis would be different from the 
distribution of crystalline poxtide sued in tha residue after drastic 
hydrolysis. 

CONCLUSIONS 

The weight loss on hydrolysis is shown to be dependent on a 
combination of (1) the rate at which hydrolysis proceeds, and (2) 
crystallisation and crystal growth which appear to occur simul- 
taneously with the hydrolysis. When mild hydrolysing condi- 
tions are used for long periods of time, much smaller losses in 
weight are found than when drastic conditions of hydrolysis are 
used for short periods of time, even though the averafce degree 
of polymerisation approaches the same levellng-off values in 
each case. Furthermore, mild hydrelyalng pretreatments which 
fsTor eiystaffixation of disorganized and strained chains are found 
to be effective in reducing sharply the weight lost upon subee* v 
quent drastic hydrolysis. t 

The results are explained by assuming that mild hydrolysing 
conditions, during which 1,4 ^ycoaidie bonds are split at a rela- 
tively alow rate, favor crystal growth and the crystallisation of 
long-chain segments which are acid insoluble and resistant to 
further rapid hydrolysis. Drastic hydrolysis, on the other 
hand, during which available 1,4 glyeosidio bonds arc split rap- 
idty, results in the cryetalliBation of vtry-short-chnin segments, 

giving rise to crystalline nuclei whioh are acid soluble and more 

readily removed during the hydrolysis. 




Figure 6. Schematic Representation of Mild and Drastic 
Hydrolysis of CeUolose 

The foregoing crystal]] sation-on-hydrolyais effects are found 
to be much more pronounced with regenerated celluloses than 
with native celluloses, 
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